more conservatively. Unfortunately, the optimum long range strategy lies 
between 800 and 850 points per day which is too little to win a short contest. 
Basically, to win a championship, whether it be regional or national, a pilot 
must take risks in excess of optimum long range strategy and have a little 
luck. Hie crucial assumption here is that all pilots are equally capable, 
but that there is an even distribution of conservatism and rashness expressed 
by a speed-ring setting. In reality, there are many different levels of 
ability in any single contest and no one flies 80 knots all the way into the 
ground. Nevertheless in some diluted form, it is felt that the conclusion is 
valid. One must push and be a little lucky in order to win. The shorter the 
contest, the harder one must push. 
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A GENERAL METHOD FOR THE LAYOUT OF AILERONS AND ELEVATORS 
OF GLIDERS AND MOTORPLANES 


Manfred Hiller 
Institute A for Mechanics 
University of Stuttgart 


SUMMARY 




A method is described which allows the layout of the spatial driving mech- 
anism of the aileron for a glider or a motorplane to be performed in a system- 
atic manner. In particular, a prescribed input-output behaviour of the^mech- 
anism can be realized by variation of individual parameters of the spatial four- 
bar mechanisms which constitute the entire driving mechanism. By means of a 
sensitivity analysis, a systematic choice of parameters is possible. At the 
same time the forces acting in the mechanism can be limited by imposing maximum 
values of the forces as secondary conditions during the variation process. 


i 

i 


INTRODUCTION 


The driving mechanism of the aileron and of the elevator of a glider or a 
motorplane is realized by a series-connection of spatial four-bar mechanisms, 
which transfer the movement of the control stick into the movement of the 
aileron. Generally, the relation between the movements is nonlinear. In 
the past, the layout of driving mechanisms has been perforrr.ed mostly by means 
of the well known graphical techniques for plane mechanisms, treating parts of 
the spatial mechanism as plane problems. Today, as the driving mechanisms are 
getting more and more complicated, these techniques are no longer providing 
satisfying results (refs. 1 and 2). 

Replacing the graphical techniques by a numerical method for the optimal 
layout of spatial transfer mechanisms, a given design can be modified in the 
desired way. The individual spatial four-bar mechanisms of the train are re- 
garded as transfer elements, which can be treated separately. By means of a 
steepest descent method, the angular displacement of the tick and the aj.leron 
can be adjusted iteratively to a prescribed input-output behaviour. Thereby, 
individual parameters have to be chosen for variation (ref. 3). 

The proposed method has been applied succc’^sfully to the layout of the 
^Ifiving mechanism of tne aileron for the experimental glider fs-29*, with the 
desired differentiation of the displacement of the aileron. Two main oxperi- 

^ fs-?9, an experimental glider with variable wing geometry, developed by the 
Akademische Fliegergruppe, Univeisity of Stuttgart, 197S. 
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ences 8ho««d that so«e i«prov«ants of the method are still necessary: 


1. During the variation process, the 5 - 

mechanism may exceed maximum values, particularly i 
somewhere in the train for a certain ^3 

ansle between a crank and the corresponding coupl 
either close to zero or close to 180 degrees. Consid- 
ering prescribed maximum values of the loads as seco^- 
ary conditions during the variation process, the acting 
loads can be limited. 


2 Primarily, the choice of the parameters to be varied 
is arbitrary. Submitting the initial values of the 
geometrical data of the mechanism to a sensitivity 
Lalysis, a more systematic choice of the parameters 
is possible. 


OPTIMAL LAYOUT OF SERIES-CONNECTED SPATIAL FOUR-BAR MECHANISMS 


spatial tS rigid cranks r 

of rs: rrf t 

bv the vector . The whole system has only one degree of freedom, and a 

rotation of the"input-crank r about an input-angle S rotSions of 

J^tation of the output-crank s about the output-angle Y • The rotations 

the cranks r and s can be described by the pairs 


(u,6) 

ib.y) 


( 1 ) 

( 2 ) 


consisting of the vectors which describe the axes of rotation, and 
rotation angles. With respect to an initial position r^, ■ 

tions of thl cranks r and s , the following homogeneous vector function 

are valid: 


I 


(3) 

r = T(u,B)rj 

(!■ ) 

s = U(w,y)1o 


where T(u,6) and U(w,y) are the tensors of rotations: 
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i 


i 



T(u,B) = cosB I ♦ (l-cosB)uou + sinB C 
U(w,y) = COSY I •*• (l-cosY)wow + sinY D 


( 5 ) 

( 6 ) 


axis vectors. The unchangeable length of the coupler 


ax is- vectors 


and w 



( 7 ) 


yields the following algebraic equation for the output-angle Y : 


I 


acosY + bsinY = c 


( 8 ) 


with 

SEPR(H)UCIBILnY OF THB 

a = (£-r)^(i-wow)s„ ORIGINAL PAGE IS POOR 

b = (i-r)'^DSo 
c = a - (Sj+A)'^(ro-r) 


( 9 ) 

( 10 ) 

( 11 ) 


Therefore, the output-angle Y is a nonlinear function of the input-angle 
and of the describing vectors u, r, = 


\ 

r 


i 


y = f(0,u,r,^,w,s) 


( 12 ) 


Bv a series-connection of several spatial four-bar mechanisms, a spatial 
by a serie^ q.uiuicv.l 9^ The i-th four-bar mechanism is 

transfer mechanism is realized (figure 2). me 3 

described by the vectors 


u . 
-3 


f 



s . 

-3 


3 - l9***>9p 


and by the following correspondence of angles 


( 13 ) 


(!*♦) 

. s B . , j s 1 , . . . . ,p 

1 3 + i 
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The output -angle y, is a nonlinear function of the input-ajwle 6, 
and of the vectors given equation (13): * 


Y j ~ f ( ) 


i - ^»*«**»3 

3 ~ 


(15) 


By variation of a set of arbitrary chosen components of the vectors 
— i* — j * — j » — j> — j » input-output behaviour of the kinematical train can be 
c anged in such a way that to a given number of m Input-angle positions B, 

^e output angles y. can be adjusted to prescribed values y . . The varia-* 
tion of the parameter's follows from a steepest descent method ,^iiinimizing 
^ ^-tatively the least-squares error 




(16) 


where the set of parameters is summarized in the parameter-vector x of 
dimension^ n , the prescribed output-angles in the nominal-value vector y 
o dimension m , and the actual output -angles are summarized in the vectOT ^ . 

fr-lV^ r-th Iteration step, we have an improvement of the parameter- 
vector X ^ 


(17) 


^(r) ^ ^(r-1) ^^(r) 

where the improvement is given by the solution of the algebraic equation 

^(r-DT^(r-l)^(r) ^ ^(r-l)Tyr-l) ^ ^ 


(18) 


( r— ^ ) 

^ Mere, A is the Jacobian matrix of partial derivatives of the 

nominal-value vector with respect to the parameter-vector, during the r-th 
Iteration step, f'or the vector ^ 


,(r-i) ^ ^(r-l; 


( !J) 


The proposed method enables an optimal adjustment of the actual output - 

rh°‘ nominal values with respect to the least -squares 

.r, with only few iteration steps necessary for convergence. To make the 
Uera.ton method applicable, a so^ of kinematically compatible data at the 
begint ing the ileration process is required. 
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EXTENDED METHOD CONSIDERING MAXIMUM LOADS AS SECONDARY CONDITIONS 


Regazxiing only slow motions of the transfer mechanism, the inertial forces 
of the system may be neglected, and the loads acting in the hinges and the 
bearings can be calculated statically. Furthermore, in real systems the dead 
loads of the cranks and the couplers may be neglected, because they are small 
in comparison to the acting forces. The hinged articulations between the 
cranks and the couplers are regarded as ideal constraints, and consequently 
the coupler forces are directed along the coupler itself. 

Cutting the j-th four-bar mechanism in a train of p series-connected 
spatial four-bar mechanisms, the coupler force of the preceding four-bar 
mechanism acts as an input-load, whereas the output-load is the coupler force 
of the succeeding four-bar mechanism. Thus, we have a propagating flux of 
forces passing through the whole train (figure 3). For the coupler force of 
the j-th four-bar mechanism, we obtain 


f . 


ij-i 


d. 

-I 


( 20 ) 



t 


I 


I 


which is a function of the coupler force of the preceding four-bar mechanism, 
and of the geometrical data of the (j-l)-th and the j“th four-bar mechanism, 
resnectively (see ref. 4). From equation (20) it follows that according to 
the numerator, the geometry of the preceding four-bar mechanism is responsible 
for the zeros of the coupler force, while the geometry of the regarded four-bar 
mechanism is responsible for the poles of the coupler force, according to the 
denominator. 

The engineering design of a spatial transfer mechanism is often character- 
ized by prescribed constraints, which can be either geometrical boundaries due 
to limitations in the available space, or which can be restrictions for the 
permissible loads in the mechanism. During the iteration process, these con- 
straints may be violated, due to the variation of the parameters. Considering 
the constraints as secondary conditions in the iteration method, this can be 
avoided. In case of permissible loads, the corresponding secondary conditions 
are inequalities which have to be considered in a specific way. In the follow- 
ing, the restriction of the coupler force which is of most importance will be 
discussed in more detail. 

Generally, the coupler force, designated as , is a nonlinear function 

of the input-angle 8i , and of the describing vectors of the four-bar mecha- 
nisms, according to equation( 20) : 



1 “ I,.... ,3 

3 s 1 , • • • • ,p 


( 21 ) 
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Now, it may happen that individual coupler forces exceed maximum values 
for certain positions of the train, particularly if somewhere in the train 
the angle between a crank and the corresponding coupler is either close to 
zero or close to 180 degrees. Thereby, only the magnitude of the coupler force 
is of interest, for its direction is given by the direction of the coupler. 
Furthermore, compressive forces are more important than tension forces. If 
f. is the permissible value of the j-th coupler force, the difference e 
tieen the actual and the permissible force is given by 


g.(Bi.x) = fj(Bi,x) - fjo 3 = 1» 

and the following secondary condition is valid: 


(23) 


g^(6,,x) 10 j = 1,....,P 

Hence, the iteration method may be split into two parts. ^As long as 
equation (24) is not violated, the iteration process operates in the way de 
scribed above. The r-th iteration step is given by equation (17): 


(r) _ (r-1) ,(r) 

If equation (24) is violated during the r-th iteration step for at least one 
index j (input-angle fixed), we have 


gj(B,,x) > 0 


j € 


(25) 


Consequently, the parameter-vector x^’^^ has to be corrected.^ In a first 
step, the intersection point of the corrective vector £' with the 

surface of separation g::(Bi,x)=0 has to be determined. In a second step, 
the vector can separated in two components: 


p(D . ^ . „(r-l) (26) 

’Is - 
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. "to t)G Dro"i6Ct©d into tVio t3ng©nti3i pi3n© 

Then, the component ^ has to be pro^ec corrective 

of the surface g-5(Pi»ii)-0 » ®t poxnx ^ ♦ 

vector for the r-th iteration step (figure 4). 


.,(r) ^ (r-1) ^(r) ^ ^(r) 

1 ^ -1 


which is the most 
tion (24). If 


it favorable correction referring to the secondary condi 


g^(3i,x 


< 0 


j = !»••••»? 


he iteration process continues with the next step. If. on the 




3 € U p> 


. ^ 'irj 

has to be corrected again. Starting from point x , 

the vector x has to oe oo*ie s arrive after the second 

and proceeding against the gradient _ 3g^(Bi,x)/ax , we ar 

correction at point x”'’^ » which 


g.(3,,x’’^'^^ 1 0 j = 


3 ~ !*••••»? 


g^(Bi.x) = 0 


] " !>••••»? 


was assumed to be fixed, ftctuaix^ , conseauently, the secondary 

Q to m prescribed output*angles Yj * ^ ^ ‘.-Tor. ft In orac* 

condition (24) has to be exceed"^heir^m!ximSm"ialues only for small 

tical cases, the coupler forces kinematical reasons mentioned above, 

°L‘spar;;:i°u;oJ“o:° for ..fivuoaf 

angular positions. 
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PARAMETER SENSITIVITY AND CHOICt OF PARAMETERS 



4 


Primarily, the choice of the set of parameters for the iteration process 
is arbitrary. In practical applications, one difficulty arises from the ques* 
tions, which parameters shall be chosen, and how many parameters shall be 
varied? As each c<Mnponent of the five vectors 


u • ,r • ,i> . ,w • ,s • 


which describe a spatial four-bar mechanism, may serve as parameters, we 
have a set of 15 available parameters for every four-bar mechanism. According- 
ly, the number of parameters increases in a train of series -connected four- 
bar mechanisms. By means of a systematic sensitivity analysis applied to the 
initial data of the train, before starting the iteration, it is possible to^ 
get some information about the kinematical behaviour with respect to variations 
of individual components of the vectors involved. 

Designating the indicated four-bar mechanism with index-number , where 
the changed vectors are 


A 

u. 

-30 


> 




s . 

-30 


(33) 


the output-angles of the train are given on the one hand by 


Y j - f ( ^ 


• — 1 • 
1 - 


j = 1 y . . . . 


(34) 


and on the other hand by the new values 


y. = ,r. ,M. ,s. ) 

']o 1*— ]o — :o*-]o — ]o’— ]0 


■30 -3 o’-] 0-30 ’-30 


(35) 


V j = f ( .Hi »£i »Ai »£i ^ 


i = » • • • • .3 

j = 3^+1 .P 


(36) 


Thus, the changed vectors (equation (33)) are not only influencing the 
transfer behaviour of the four-bar mechanism with index-number 3 ^ , but also 
the behaviour of all subsequent four-bar mechanisms, while the preceding four- 
bar mechanisms remain unchanged. 
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The difference 
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( J7) 



j = 



•»P 


serves as a measure for the sensitivity of the transfer behaviour of the kine- 
matical train against changes in its vectors. 

For a complete sensitivity analysis, it is necessary to examine the influ- 
ence of the individual components separately. Moreover, the vector components 
have to be changed in the same way, to enable the comparison between different 
sensitivities. Among the different possibilities of changing the vector com- 
ponents, the method where the ratio of change remains constant has proved to 
be the most successful. If in a certain vector one component is equal to zero, 
another component which is not equal to zero serves as reference value. The 
difference angle Ay- is plotted ve.’sus the input -angle , and for the 

j-th and all subsequent four-bar mechanisms we have a family of 15 curves 
each, which are representing the sensitivity of the j-th four-bar mechanism. 
By means of the plotted curves, a more systematic choice of the parameters for 
the variation process is possible. 


The sensitivity analysis has been performed on the basis of the initial^ 
data of the kinematical train. During the iteration process, the sensitivities 
of tne selected parameters, as well as the sensitivities of the residual compo- 
nents involved will change, because of their nonlinear interiependence. There- 
fore, it is suitable to subject the whole system to another sensitivity analy- 
sis at the end of the iteration process. It might also be taken Into consider- 
ation to control the sensitivity of the system during the iteration process, 
but the required numerical effort is considerable. 

The advantages of the proposed sensitivity analysis consist not only in a 
more systematic choice of parameters for the optimal layout of the transfer^ 
mechanism, but at the same time it enables an estimation ot leviations in 

the transfer behaviour, which arise from manufacturing defects or from bearing 
play in the hinges. 


PROGRAM SYSTEM 


For application, a sophisticated and user-orienred pr< gran system :.a beer, 
developed, the more important aspects of which are: 

1. The determination of the kinematical transfer beh<iviour 
and of the range of kinematical compatibility ot the 
train, by a stepwise change of the input-angle Bj 

2. The determination of the transfer behaviour of the 
coupler forces for a given input load, by a stepwise 
change of the innut-angle 6j . 
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3. The determination of the output-angles and of the 
coupler forces, as well as the influences caused 
by the changes of parameters. 

4. A systematic analysis of the individual four-bar 
mechanisms, concerning domains of kinematical 
coiq>atibility and poles in the coupler forces, as 
well as angular positions, for which the treiin 
becomes unstable. 


b. A systematic sensitivity analysis of the kinematical 
train, which enables on the one side a systematic 
choice of parameters for variation, and which provides 
on the other side information about the influence of 
inaccuracies on the transler behaviour ot the train. 


APPLICATIONS 


In the following, the application ot the desc^ibe^l method to the driving 
mechanism of the aileren for the glider will be discussed in more de- 

tail- The fs-?9 is an experimental glidei* developed at the University of 
Stuttgart. Due to telescoping wings, the wing span of the glider can be varied 
during flight. The driving mect\anism of the aileroTi consi::ts of 10 series- 
connected spatial four-bar mechanisms. By means of the variation method in its 
original version, the driving mechanism has been laid out successfully, assign- 
ing desired aileron deflections to given stick positions. But a large number 
of computer runs were necessary, trying various sets of parameters (consisting 
of T or 3 parameters). The parameters were components ot the cranks Tj and 
s* in the neighbourhood of the aileron. I'light tests showovl that for certain 
posi cions of the mechanism the coupler forces excoeilod permissible values. By 
application of the extended variation methovi, these disadvantages can be avoid- 
ed. 

I'he numbering of the ser ies-connect ovl four-bar mechanisms starts with 
the stick, as the input -movement of the stick produces the out put -movement ot 
the aileron. Table I shows the initial data ot the driving mechanism (all dis- 
tances in meters). The data of the involved four-bar mechanisms (except the 
four-bar mechanisms 9, 10) are given in the same cartesian coordinate system: 
x-axis ^ axis of pitch, y-axis ^ axis of yaw, n-axis - axi ' ot roll. T!ie r»'- 
quirod four assignments of stick position to aileron deflection are tdiown ii* 
table The transfer l)ehaviour of tlie coupler fot'ces will be tested by a unit 
input-load acting on the stick. Figure 6 and figure 7 show the input -output 
behaviour ot the individual four-bar mt^rhanisms as a tunction ot thr stick de- 
flection 6| • Before starting the variation process, a sens.itivltv analv; !:* 
tot' the four-bar mechanisms 7, 8, 9, and 10 has been perlorme^i. I he sensitivi- 
ties of the cranks r,. « £l0 * il 10 ’ respectively, are sdiown in tig- 

ure 8 and figure 9. (The Influence of on tour-bar mechanism 10 ir; 

not displayed.) llatisfactory optimisation results are obtalfuv! hy combi na riot. s. 
of parameters with high and low sensitivity, from which the parami'tor combina- 


1 

i 
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.H.-Jii* it 


are the 






tion ^9 I > I been selected. Here, ^ and 

x-components cf the cranks and , respectively. 
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The behaviour of the aileron deflection as a function of the stick 

position 6| is shown in figure 11. The approximation of the prescribed val* 
ues of table 2 is within an accuracy of 0.6 degrees. (The curve Y9(3|) is 
given by figure iO.) Due to the variation process, the coupler force fg has 
completely changed its behaviour (see figure 12). However, the maximum values 
can be considerably reduced by prescribing maximum limiting values of the 
coupler forces as secondary conditions, as shown in figure 13. In this case, 
the accuracy of the required assignment is reduced, but still sufficient. 


During fligl»t, the input-output 1 isplacemeiit propagates from the stick to 
the aileron, whereas, looking to the forces, the aerodynamic forces on the ai- 
leron are the input-Ioa is , which have to be balance^^ by the pilot through the 
stick. In this case, the application of the variation method gets more compli- 
cated, because the transfer mechanism has to be investigated in both directions 
(see ref. 4), Figure 14 ^hows an example, where critical values of the coupler 
force in the seven tl* four-oar mechanism iiave been reiuct?!. The Input-load at 
the aileron has been t t:c constant moment = (.'3.34,0,0) [Nm] . 


C' 


' ’ T : ’ . ' T 


JpRODUCIBILnY 

Page is 


OP THF 

POOR 


The layout of spa: :al transfer-mechanisms consisting of series -connected 
spatial four-bar mechanisms caii be nor'tormed more effectively if the graphical 
techniques are replaced Ly a liUmerical method. Witfiin tins method, the indi- 
vidual four-bar mechanisms are treated analytically as transfer elements. By 
variation of selected parameters, the input -output behaviour of the train can 
be adjusted to prescribe! values. The acting loads in the mechanism can be 
limited, con^iiderlng maximum values of the loads as secondary conditions during 
the variation process. Tne effectiveness of the proposed method has been dem- 
onstrated at the layout of t!ie driving mechanism for the aileron of a gliler. 
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TA.LE ... IKtTIAl MTA Or AllERO, DAIVIAO 1KHA«IS» 

or TK£ experimental glider, fs-29 


four- bar 
mechanism 
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of *1"? Politecnico di Torino and realizations (fabrications) 

Th#» Ho • *4- alloy structures during the past years is briefly reviewed 

The design criteria and the realization of the mairstructure of rsaiLI^S 

Se^tSf il[ustr!^er^S‘^^^^''°f"^®^ longitudinally connected one to the other 
en Illustrated. Structural tests recently carried out are reported upon. 





‘bio’^ of the M— “^on + <•. * igure 1 ixlustrates the cross sec* 

Slerons (I S ^ ="»“'> PP«lI»tion of u» 


oo„„ recent years the same structural concept was adopted by the firm 

o^o^eiEht, unlromly distributed alo„R th? di^Lr ' 


1 8 to"2^o\rv^^ ‘“Xtruded structures the original wall thickness of 


All these structures are basic 
adequate in strenf'th and stiffness. 


ally ribless. They proved light and largely 


One of the M-300 prototypes is still active, 
aeries produced with the extruded parts mentioned 
extruded airbrake which was introduced in 1978. 


The Calif two-seater has been 
here since 1975, except the 
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